Threshold corrections to the running of gauge couplings are calculated for superstring models with free complex world sheet fermions. For two N=1 SU(2) U(1) 5 models, the threshold corrections lead to a small increase in the unication scale. Examples are given to illustrate how a given particle spectrum can be described by models with dierent boundary conditions on the internal fermions. We also discuss how complex twisted fermions can enhance the symmetry group of an N=4 SU(3) U(1) U(1) model to the gauge group SU(3) SU(2) U(1). It is then shown how a mixing angle analogous to the Weinberg angle depends on the boundary conditions of the internal fermions.
Introduction
The unication of gauge coupling constants is a necessary consequence of string theory.
At tree level, the gauge couplings have simple relations to the string coupling constant. In 1 higher orders of perturbation theory, this relation holds only at the Planck mass. Below this energy, the gauge couplings evolve as determined by the renormalization group equations.
Threshold eects [1] can also modify the tree level relation and shift the unication scale.
Although the eect of thresholds is small in grand unied eld theories, the threshold corrections can be quite large in string theories [2] [3] [4] [5] [6] [7] because there is an innite tower of massive states, all of which contribute.
In this paper, we calculate threshold corrections in four-dimensional critical superstring models written in terms of free fermions with twisted boundary conditions. Complex fermions are useful for studying theories with chiral space-time fermions and for probing the structure of gauge symmetries. Here, we adapt the background eld method [5, 8] for calculating string thresholds to twisted models in the framework of type II theories. Although a phenomenologically realistic type II model has not yet been found, it provides a more economical construction for using the techniques of low energy string phenomenology.
Calculations of thresholds in heterotic models [5] [6] [7] [8] [9] [10] [11] [12] [13] can be made large enough to lower the unication scale to an acceptable energy. This is achieved by ne tuning the many free moduli parameters of the theory. A desirable feature of type II strings is that there is less freedom to adjust the parameters of the theory.
In sect. 2, we give a general discussion of the background eld method for running couplings in twisted models, emphasizing models with higher level Kac-Moody currents. In sect. 3, we calculate the threshold corrections for two t wisted chiral models with SU(2) U(1) 5 gauge symmetry. These two models have the same massless particle spectrum but 2 dierent boundary conditions on the internal fermions. This shows how dierent boundary conditions on the internal fermions aect the thresholds. In sect. 4, we i n v estigate the relationship between the boundary conditions on the internal fermions and the ratio of the eld theory couplings at the Plank mass [14] . Specically, it will be shown how the twisted boundary conditions can enhance the symmetry group of an N=4 SU(3) U(1) U(1) model to SU(3) SU(2) U(1). We then determine a mixing angle analogous to the Weinberg angle of the standard model.
Background eld calculation
The tree level relation between gauge couplings is [15]: 4 g 2 a = 2 x a 4 g 2 str (2:1) where x a is the level of Kac-Moody Algebra = N for SU(N). The factor of 2 is present because we c hoose a eld theory normalization for the longest roots equal to 1. This relation is determined by comparing the scattering amplitudes (e.g. three-point gauge boson vertex) for the low energy string theory (massless modes) to eld theory. The tree amplitudes are identical if one makes this identication, which holds at the Planck mass.
We n o w w ant to calculate how this relation changes when higher order corrections and threshold eects are considered. This involves using the background eld method [5, 8, 17] to nd the threshold corrections. Since we are interested in models with chiral space-time fermions, we consider models with complex twisted fermions.
3
The background eld method involves describing the eective action of the quantum gauge eld as an eective action of a string propagating in a classical background gauge eld:
[ We consider 4-dimensional type II models in the light-cone description. Here, the left and right m o v ers can each be described by t w o bosonic and twenty fermionic elds. The 5 partition function without the zero modes p is given by
where the prime on the Hamiltonian denotes the omission of the bosonic zero modes.
In this formalism, the partition function is a sum over the sectors generated by where z=e 2i , q = e 2i , and the integration is restricted to the fundamental region .
Performing the trace: (2:22) where the two point correlation function on a torus is dened by:
The last term is a total derivative and drops out after using the generalized Gauss's theo- The fermionic current gives rise to a gauge independent(apart from k i ) part and a gauge dependent part:
hJ a (z)J a (1)i ; = k a (z @ @z ) 2 log 1 (z;q) + h J a 0 J a 0 i :
Since k a is one, the rst part will shift all the groups by the same amount and can thus be absorbed into a redenition of the string coupling constant. Using the explicit expressions for the currents, their correlation functions are found to be: The rst order correction to the eld theory coupling is given by the coecient o f 1 4 F 2 in the one-loop two point background gauge eld amplitude (2.31). In this analysis, 11
we use the type II string normalization of C = 2 . T o compare this result with eld theory, which uses a normalization of C = 1 , w e m ust multiply this result by a factor 3. Threshold calculation for two N=1 SU(2) U(1) 5 chiral models
We n o w calculate the threshold corrections for two t wisted models with SU(2)U (1) 
